D
rone technology that has the potential to disrupt and augment our quality of life is swiftly evolving. Drones are rapidly growing in po pularity and are used in various applications, such as agriculture, emergency response, border control, asset inspection, intelligent trans portation, and many more areas. This is primarily due to the rapid advances in mobile embedded com puting that allow for various sen sors and controllers to be integrat ed into drone platforms, enabling them to sense and understand both their internal state and the exter nal environment. In this article, we showcase relevant drone tech nologies, explore research opportu nities, and demonstrate through three use cases how research can drive these disruptive systems for ward within our social, economic, and scientific activities.
Droning on
The term drone is h a p h a z a r d l y thrown around by many outlets and ubiquitously appears in numerous conversations between consumers, whether it is related to their holiday shopping lists, hobbies, jobs, or even when they discuss the news. In its original context, a drone refers to an unmanned aircraft either pre programmed with a flight plan or remotely controlled. The term, in fact, originates from its two literal meanings: specifically, male bees or a monot onous bu zzi ng sound, for which multirotor drones are now famous.
More recently, drone has evolved into a catchall term that means any unmanned robot. This includes ro bots designed for water, land, and air use. In the context of this article, however, we strictly refer to aerial drones. Whether called unmanned aerial vehicles (UAVs) or remotely piloted aircraft systems, their formal name, drones are becoming more mainstream. Although they are still considered to be in their infancy stage in terms of mass adoption and usage, they have already surpassed rigid traditional barriers in indus tries that otherwise seemed impen etrable by similar technological in novations and advancements.
Furthermore, during the past few years, drones have become central to the functions of various business es a nd gover n ment a l orga n i z a tions and managed to pierce through areas where certain industries were either stagnant or lagging. More im portantly, however, they are now considered among the most disrup tive technologies that are expected to augment our quality of life.
Typically, drones are classified as fixed wing (with longer range, higher altitude flight capabilities, and less power consumption) or multirotor (better hovering and maneuvering abilities but lesser range and alti tude and more power consumption). Just like other disrupting technolo gies, the military has initially been the major benefactor of drones.
However, once flight technologies advanced to the point where multiro tor drones became extremely easy to operate, able to maintain strict safety standards, and equipped with sen sors and other electronically assisted safety features that warranted their safe passage over multiple environ mental conditions, the civilian sector started adapting them. In fact, the photo and videoproducing indus tries were the first beneficiaries of this innovative technology. Further more, a gradual reduction in their price has only magnified this global phenomenon. Drones are now listed as toys, tools, hobby items, entertain ment, and gadgets and have long left the photo and video industry as their primary commercial application.
The commercial usage of drones is gaining steady momentum, and multiple industries are w o r k i n g with drones as part of their daily regular business functions. It is estimated that the market for com mercial and civilian drones will ex pand at a compound annual growth rate of 19% between 2015 and 2020, compared with a 5% growth on the military side, according to BI Intel ligence, Business Insider's premium research service.
Multirotor drones have dominated the commercial market in the last few years, mainly due to their affordabil ity and ease of taking off and land ing, whereas fixedwing drones fea ture different characteristics and, as such, target specific highend mar kets beyond the military and come at a hefty price. Multirotor drones fea ture characteristics that are suitable for a wider range of applications, such as mapping and surveying and asset inspection, due to their ability to hov er, maneuver in narrow and difficult terrain conditions, and take off and land in very limited space.
Gradually, onboard sensors, such as gyroscopes, accelerometers, mag netometers, and altimeters, have been integrated into the drone's flightcon trol computer. Drone flight capabili ties have, therefore, been augmented to accommodate various application needs. Coupled with customizable computing solutions that can run various data analysis and pattern recognition algorithms, a drone is now an intelligent, partially autonomous, and partially selfaware system that can function either individually or as part of a swarm.
To showcase the potential of these systems and present the inherent research challenges and emerging opportunities, we provide a brief overview of the technology that pow ers these intelligent drones. We also attempt to propose a road map and directions toward identifying current challenges and opportunities that re search in intelligent drones is facing. Furthermore, we showcase how our own work is currently developing in telligent drones to be used as tools for first responders in emergency situa tions, monitor power lines, and oper ate as a largescale, realtime traffic monitoring tool.
technological considerations for drone applications
Sensor technologies have greatly advanced through the years and are often the secret sauce inside drones that enable their use in numerous remotesensing applications (Fig. 1) . These sensor technologies provide drones with the ability to sense and understand their environment and become selfaware of their surround ings and the context that they are flying in to potentially take evasive and reactive actions.
A drone platform can carry a va riety of payload equipment consisting of relatively simple subsystems (such as a fixed camera with fixed lenses having a mass as little as 200 g) to more advanced payloads (such as a video camera system with adaptive zoom support and pan and tilt func tions). Larger drone platforms can carry a combination of different types of sensors (e.g., thermal imagers and radar scanners, among others) to col lect various data elements that can be processed and analyzed in real time to provide enhanced capabilities.
sensors that aid the drone in flying
These sensors are primarily used to assist in the drone flight by measur ing the state of the drone and guiding its motion with respect to the environ ment, such as its position in space, velocity, and orientation.
Whether called unmanned aerial vehicles or remotely piloted aircraft systems, their formal name, drones are becoming more mainstream. 
■ ■ Global Positioning System (GPS):
The GPS sensors offer access to location information from geosta tionary satellites. At least three satellites are needed to determine longitude and latitude coordi nates and one satellite to deter mine the altitude of the UAV. Typically, satellite data is fused with other readings to provide a higher level of accuracy, precision, and stabilization.
sensors for environment perception and data collection
External sensors and payloads can be integrated into a drone to enhance its understanding of the environ ment, collect data for offline pro cessing, and make decisions on how to navigate and act in missions. A drone is now an intelligent, partially autonomous, and partially self-aware system that can function either individually or as part of a swarm.
largely depends on the power of the motors and propeller combination, as the weight of the payload can neg atively affect the flight time. In addi tion, the capacity of the drone's main battery plays an important role when the payload needs to be powered by the drone itself, thus compromising the overall flight time.
Another choice to consider is the drone's level of autonomy, which can vary from fully autonomous operation to fully controlled by a remote pilot. The fully autonomous operation requires a multitude of sensors to observe and understand the environment as well as a suite of algorithms to interpret the data from the sensors. The drone would have to make decisions about where to fly and how to classify objects captured by its camera.
In addition, there needs to be suf ficient computing power for realtime processing on the edge on tiny, light computers. Alternatively, process ing can be offloaded to the cloud. However, this presents a tremendous challenge on the communication links both in terms of bandwidth and pri vacy/security, limiting the application spectrum to nonlatencycritical tasks. Although, when the flight and plan ning are done by a human operator, the requirements can be relaxed and, hence, the drone can be equipped with only the necessary application specific sensors. As it becomes cheap er and easier to customize commercial drones, by utilizing emerging innova tive embedded and mobile sensing and computational solutions, new opportunities will arise to facilitate re search and innovation in a wide array of niche applications.
Research opportunities and challenges
In these early stages, research has focused on the lowlevel controls that could be applied by resourcecon straint onboard computers for alti tude stabilization and the maneu vering of individual drones. Over time, additional effort has been put into more advanced tasks, including indoor localization and navigation. To achieve these tasks, research has focused on optimizing embedded system algorithms for remote sens ing, digital signal processing, and faulttolerant control, all coupled together to achieve good realtime performance.
Furthermore, as cameras are now standard equipment in most drones, a large body of research is focused on utilizing advanced computervision algorithms to make drones fly auton omously, track a target through ob stacles, or deliver a payload to a cer tain location. These technologies have matured to a level that has now made it possible to investigate how complex missions can be achieved either by a single drone or a swarm working in collaboration. Coordinated teams of drones can attain significantly greater capabilities than what is possible by a single agent, and, thus, this research track has recently received consid erable attention. Broadly speaking, these missions can be classified into the following four main categories ( Fig. 2) : data collection and surveying, monitoring and tracking, temporary infrastructure, and delivery of goods.
A classic problem that arises in surveying and collecting data over a spatial field of interest is how to cover the area faster with the least number of resources. Research challenges in clude task assignment, scheduling, and path planning, considering the physical resource limitations of the drones including the total number of drones, their battery levels, and their communication ranges. Problems that arise in monitoring and track ing missions consider the derivation of accurate models of the underlying dynamics and investigate strategies that generally seek to minimize the tracking error for all detected events/objects.
Drone deliveries have the po tential to significantly reduce the cost and time of making lastminute goods shipments. Research in this domain has focused on the manage ment of job allocations to minimize the overall cost subject to delivery time constraints taking into con sideration the limitations in battery and payload capacity. Drone deploy ments have also been considered to provide overthetop services includ ing the setup of an aerial communi cation platform, illuminate fields for night operations, and make voice announcements across the horizon. To accomplish this, problems of node placement for coverage and topology control are being looked at to address the communication and computation challenges that arise.
In all mission types, the ability of a drone to analyze visual data and determine its location and next ac tion can have tremendous benefits and increase its capabilities. Be yond the use of computervision algorithms for object detection and recognition tasks, another area of focus is visionbased navigation and control. Systems that rely on the GPS can achieve little better than 3m resolution, which is not adequate for urban areas or indoor settings. In
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FIG2 the four main categories of drone-based mission types.
A drone platform can carry a variety of payload equipment consisting of relatively simple subsystems to more advanced payloads.
extreme cases, drones could be sent into earthquakedamaged buildings to look for survivors, which would re sult in avoiding all sorts of obstacles and moving into free space without relying on external connectivity. To accomplish these feats, a drone re quires a complex system of cameras as well as advanced algorithms to figure out where it is, where the ob stacles are, and how to navigate this area based on its understanding of the environment. In carrying out any of the main mission categories, recent research has also demonstrated that swarms of drones can be more effective. Data collection and searchandrescue missions are faster and more efficient with a team of drones to pool data and provide redundancy in case some ma chines fail. But the use of more vehi cles also adds complexity, and drones working together must be able to communicate with one another and make collective decisions.
It should also be emphasized that many of these problems are inter related and, thus, need to be jointly investigated to optimize mission ob jectives. Searching for and tracking objects across the field, e.g., could re sult in competing objectives that need to be resolved in an intelligent way. Clearly, searching is necessary to de tect events/objects before accurately tracking them. At the same time, a drone may need to abort tracking a particular object if exploration could reveal a new set of objects in the area. We focus our research effort on investigating problems that involve such complex mission objectives and seek to devise intelligent solutions that approach these problems in a holistic perspective.
The success of drone deployments across the aforementioned applica tion categories has created safety and security issues not just to the aviation sector but also every other aspect of social life. There are great challenges in effectively addressing these issues, mainly due to the fast evolution of technology. Current ef forts focus mainly on regulating op eration through both legislative and technological means. As part of the envisioned technology, which is our primary focus in this article, novel airtraffic control solutions are be ing researched to monitor and con trol flights, and various ground and aerial systems are being considered for intercepting rogue drones.
Case studies of drone applications
We are currently working on several interesting projects using drones. Based on our work, we present three cases that illustrate the intrigu ing and challenging applications of drones in realworld problems: 1) road transportation network monitoring, 2) powerline inspection, and 3) civil defense protection.
Road transportation network monitoring
Monitoring the state of road networks is fundamental for efficient traffic management. Current sensing tech nologies provide different types of measurements, such as veh icle counts at a single point, traffic den sity over a road stretch, and speed and location from moving vehicles. None theless, such technologies suffer from high installation time and cost and capture only part of the spatiotempo ral traffic evolution, whereas different technologies measure only a fraction of the traffic parameters of interest (e.g., traffic flow, speed, vehicle density, turning ratios at intersections).
Drones are emerging as a prom ising technology that can overcome these limitations because drone technology is noninvasive, requires no installation cost, and provides frequent spatiotemporal measure ments for the entire network. None theless, using drones for traffic mon itoring leads to several challenges that need to be dealt with regarding their deployment, such as maintain ing the line of sight and developing computervision algorithms for the detection of traffic entities (e.g., pe destrians, vehicles, buses).
In this context, recent research efforts have been geared toward cre ating software tools to address these challenges by formulating and solv ing appropriate optimization prob lems for the efficient deployment of drones to ensure line of sight for all roads of the network and by develop ing accurate and realtime algorithms for the detection of vehicles using data from onboard cameras. Vehicle detection is achieved by analyzing the visual data through an inte grated computer vision processing pipeline that dynamically extracts roads segments and robustly detects vehicles in the resulting network by combining the results from two dif ferent approaches (Fig. 3) . The first uses motion algorithms to find mov ing vehicles, whereas the second
FIG3 vehicle detection using drones. (a) vehicles detected using motion, (b) vehicles detected using still images, and (c) combined detection of vehicles.
employs convolutional neural net works to detect still vehicles using deeplearning techniques. Finally, postprocessing the results helps in the derivation of individual vehicle trajectories and computation of traf fic parameters of interest.
Power-line inspection
Providing an uninterrupted supply of electricity is an essential everyday commodity. Nonetheless, properly inspecting and maintaining the vast, aging, and often inaccessible power line network of a country to detect or prevent the occurrence of faults is a difficult and costly task. Drones pro vide an attractive alternative to man ual inspection that can increase pro ductivity and reduce the inspection time and cost. They help by patrol ling the lines using visual equipment to detect issues that need to be fixed. This is a very tricky task because power lines are too thin and not eas ily distinguishable in poor lighting and background conditions, obsta cles may block the drone path, and faulty components may be diffi cult to detect even with manual ex pert inspection. For this problem, part of our recent work focuses on developing methods and software tools for dronebased powerline monitoring with minimum intervention from the operator to de tect and report cut power lines or poles, broken insulators, vegetation, or other items touching or near the lines (Fig. 4) . Drones are programmed to autonomously take off, follow the shortest path to go over each pole, and then return and land in a safe and timely manner. Highdefinition, infra red, and thermal cameras are used to take closeup images and video, which are processed in real time to detect and geotag faults using computer vision algorithms. Multiple sensing technologies and computervision al gorithms allow for the detection of dis tinct faults. The use of thermal cam eras, e.g., helps with the identification of overheated insulators, and different computervision algorithms help with the detection of power lines and veg etation in different backgrounds (e.g., pavement or rough terrain).
Civil-defense protection
Drones are considered to be future autonomous first responders for civildefense protection. At their cur rent stage, drones support firefight ing operations, enhance the capa bilities of civilprotection forces, and improve the response of rescue teams. In this context, drones support sever al missions related to the early detec tion of abnormal situations, assist disaster preparedness for various physical or manmade disasters (i.e., forest fires, floods, earthquakes, or landslides), and assist searchand rescue operations.
Our recent work is geared toward developing software and hardware technologies to support a multitude of civildefense applications (Fig. 5) . Using highdefinition and thermal cameras, drones locate disaster sur vivors, such as trapped civ i lians after an earthquake or shipwreck survivors in the sea. Searchand rescue operations also benefit from autonomous deliveries using cus tomized robotic arms to pick up and drop emergency response packa ges. Almost every aspect of our lives will be impacted by the presence and usage of drones in one way or another.
Another technology we are currently working on is the establishment of a temporary infrastructure to sup port various functionalities, such as communication connectivity, us ing a network of Internetenabled drones or area illum i nat ion us ing drones equipped with special lighting equipment. Finally, con structing threedimensional maps of a terrain can help emergency managers assess the impact of a disaster on different regions and pri oritize operations.
Conclusion
Drones and their underlying en abling technologies are advancing at a rapid pace. In the nottoodistant future, not only will your grocery shopping be delivered by a drone, you will commute via a flying autonomous vehicle. The development of hundreds of more uses of drones are under way due to the multiple investments pouring into this promising indus try. Almost every aspect of our lives will be impacted by the presence a nd usage of drones in one way or another. It is a ver y exciting time to be working in this area of research, with many realworld problems and interesting applications that can be solved using innovative drone technology. Specifically, there is great promise in developing novel swarm optimization te ch n ique s and autonomouscontrol algorithms so that a group of drones can col laboratively execute a task much more efficiently.
Also, there will be many oppor tunities to utilize machine learning for improving the drone perception capabilities by taking advantage of large amounts of data that are be coming available for numerous ap plications. F i n a l l y, as drones are integrated more and more into our society, security and safety aspects will take a central role in forming how drones can be used in many consumer applications. 
